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Abstract. We study the evolution of the gaseous components in massive simulated galaxies and
show that their early formation is fuelled by cold, low entropy gas streams. At lower redshifts
of z . 3 the simulated galaxies are massive enough to support stable virial shocks resulting in
a transition from cold to hot gas accretion. The gas accretion history of early-type galaxies is
directly linked to the formation of their stellar component in the two phased formation scenario,
in which the central parts of the galaxy assemble rapidly through in situ star formation and the
later assembly is dominated primarily by minor stellar mergers.
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1. Introduction
Recently there has been growing evidence both observationally (e.g. Bezanson et al.
2009; Toft et al. 2014) and theoretically (e.g. Naab et al. 2007, 2009) that massive early-
type galaxies assemble in two phases. At high redshifts of z ∼ 3 − 6 the central parts
of the galaxies assemble rapidly through compact in situ star formation fuelled by cold,
low entropy gas streams penetrating deep within the galactic halo. At lower redshifts the
in situ growth of the stellar component is stifled by the lack of cold gas and instead the
late assembly proceeds predominantly through the accretion of stars formed in subunits
outside the main galaxy (Oser et al. 2010, 2012; Lackner et al. 2012).
Here we study in more detail the evolution of the gaseous component in simulated early-
type galaxies and show that the two phased formation of the stellar component is driven
by a bimodal evolution in the temperatures of the gas accreting onto the forming galaxies.
The results are based on a subsample of four galaxies (A2, C2, E2 and U) extracted from
Johansson et al. (2012) and simulated at high spatial (ǫ⋆ = 0.125− 0.25 kpc) and mass
resolution (m⋆ ∼ 10
5
− 106M⊙). All of the simulations were run using the Gadget-
2 smoothed particle hydrodynamics (SPH) code (Springel 2005) and include cooling
for a primordial composition, star formation and self-regulating feedback from type II
supernovae (Springel & Hernquist 2003).
2. The gas assembly of early-type galaxies
In Fig. 1 we depict the evolution of the gas surface densities, together with the mass-
weighted temperatures and entropies for halo A2, which is representative of our simu-
lation sample. At the high redshift of z = 5 the forming galaxy is found sitting at the
intersection of several gas filaments, which are feeding cold gas directly onto the galaxy as
can be seen in the blue filaments in the entropy panel. At the lower redshifts of z = 3 and
especially at z = 1 the halo has grown sufficiently in mass to be able to support strong
virial shocks resulting in a majority of hot gas. However, at both of these redshifts there
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Figure 1. The gas surface density (left panel), the mass-weighted mean gas temperature (middle
panel) and mass-weighted mean gas entropy (S = kTn−2/3, right panel) are shown for halo A2
at redshifts of z = 0, z = 1, z = 3 and z = 5 from top to bottom. The length scale in kpc is
indicated by the white bar and the white circles show the corresponding virial radii.
are still some remaining cold gas filaments that are able to penetrate into the central
gaseous structure and supply some fuel for star formation. In the final snapshot at z = 0
almost all of the gas can be found in a hot diffuse state, with virtually no remaining cold
clumpy gas.
3. The temperature structure of the gas
A more detailed view of the evolution of the gas properties of the galaxies can be
gained from Fig. 2, where we plot the temperature profiles, entropy distributions and
phase-space diagrams for our simulation sample of four galaxies at redshifts of z = 5
and z = 1. The mean temperature of the gas is increasing in all of the simulations from
T ∼ 105 K at z = 5 to temperatures in excess of a million degrees (T ∼ 106 K) by z = 1.
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Figure 2. The temperature profile (left panel), the entropy distribution (middle panel) and the
phase-space diagram (right panel) for gas within the virial radius for four simulated galaxies
at redshifts of z = 1 (top panels) and z = 5 (bottom panels). The gas mass (Mgas) in units of
1010M⊙ together with the fraction (fhot) of hot diffuse gas is also indicated.
In the middle panel the gas entropy distributions defined as S = kTn−2/3 are shown,
where k is the Boltzmann constant, T is the temperature and n is the number density.
The dashed vertical lines indicate the threshold entropy for star formation (neutral gas at
T ∼ 104 K) and the entropy values corresponding to the minimum cooling times of 0.1,
1 and 10 Gyr. The entropy distributions are bimodal, at high redshifts the majority of
the gas is cold, high-density, star-forming gas that forms a low-entropy peak. By redshift
z = 1 most of the cold gas has formed stars and the remaining gas is dilute shock-heated
gas with long cooling times forming a high-entropy peak. Correspondingly the fraction
of hot gas (defined as T > 2.5× 105 K and n < nthresh,SF = 0.205 cm
−3) increases from
fhot . 20% at z = 5 to fhot & 90% by z = 1. At z = 5 star-forming gas can clearly be
seen in the phase-diagram plot as most of the gas has a density of ρ > ρthresh,SF and
can be found on an equilibrium curve in the ρ − T plane dictated by the self-regulated
feedback model (Springel & Hernquist 2003) employed in this study. At z = 1, although
the majority of the gas is in the hot component, some residual star-forming gas can also
be found. This is in contrast with the no feedback simulations of Johansson et al. (2009)
in which virtually no cold star-forming gas remained at redshifts below z . 2.
4. Cold and hot gas flows
In Fig. 3 we study following Keresˇ et al. (2005) the thermal properties of the accreted
gas particles prior to their accretion onto the haloes. The temperature evolution of the
accreted gas particles is traced back through the simulation and the maximum temper-
ature is recorded excluding the snapshots when the gas particles were star-forming as in
these cases the high temperature was due to supernova feedback.
From Fig. 3 we see that at z = 5 almost all of the gas is accreted with a temperature
that is below one tenth of the virial temperature, which is typically a few times 105 K at
z ∼ 5. This indicates that the gas is accreted cold at a typical temperature of a few times
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Figure 3. The distribution of the maximum gas temperatures normalized to the virial tempera-
ture of gas accreting onto the four simulated galaxies as a function of redshift. At high redshifts
the gas predominantly flows in cold, whereas at lower redshifts the gas is accreted in a hot mode.
104 K at this redshift. At z = 3 the distribution is more bimodal with the majority of
accreted gas still being cold, however a substantial component of hot gas being accreted
at T ∼ Tvir can also be seen. The transition from predominantly cold accretion to hot
accretion occurs at z ∼ 2−3 when the galaxies reach masses ofMhalo = 5×10
11
−1012M⊙
in good agreement with the predictions of Dekel & Birnboim (2006). At lower redshifts
the haloes are sufficiently massive to support stable virial shocks and the vast majority
of the gas is accreted in the hot phase.
The transition from a gas accretion model based on cold gas flows at z & 3 to a hot
accretion mode at lower redshifts (z . 3) is directly connected to the two phased picture
of early-type galaxy formation. In this picture the early formation is dominated by in situ
star formation fuelled by cold gas flows, whereas the later assemble history is dominated
by stellar accretion primarily through minor mergers as the source of internal cold gas is
exhausted by the transition from cold gas accretion to a hot accretion mode.
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